The role of ethylene and auxin in stigma-to-ovule signalling was investigated in maize (Zea mays L.). Maturation of the egg cells in an ear was stimulated before actual fertilization by the application of fresh pollen grains or quartz sand to fully receptive stigmas. Ethylene emission by maize ears increased in response to those treatments. Silks and ovaries were involved in ethylene synthesis after pollen or sand was shed over the silks. The content of ethylene precursor [1-aminocyclopropane-1-carboxylic acid (ACC)] increased in both pistil parts soon after pollination. ACC rise was delayed by 4 h in the ovaries, and by 8 h in the silks after mock-pollination with sand. The auxin level increased rapidly in the silks and ovaries after pollination, and it was very high in the pollinated silks due to the high indole-3-acetic acid (IAA) content of pollen grains. IAA rise also appeared in the silks and ovaries after treatment with sand but it was delayed by 8 h. Application of ACC (10 µM) or IAA (6 µM) solutions to non-pollinated silks stimulated maturation of the egg cells. Moreover, the response of the egg cells to pollination was cancelled by L-α-(2-aminoethoxyvinyl)-glycine, α-aminoisobutyric acid or 2,3,5-triiodobenzoic acid applied to the silks before pollination. Thus ethylene synthesis and polar auxin transport in the silks pollinated with fresh pollen were necessary to evoke accelerated differentiation of the egg cells in maize ovules. Differences in pistil responses found between true-and mockpollination suggest that signalling pathways are at least partially different for the reception of pollen grains and sand crystals on maize stigma.
Introduction
Various effects of pollination on flower development and senescence are known in angiosperms and such postpollination symptoms as petal wilting, pigmentation changes, ovary and ovule development or style and stamen abscission are mediated by ethylene (Stead 1992 , O'Neill 1997 , Van Doorn 1997 , Van Doorn and Stead 1997 . Pollination promotes ethylene biosynthesis in flower organs and accumulation of mRNAs coding for ethylene biosynthetic enzymes (Nichols et al. 1983 , Hoekstra and Weges 1986 , Pech et al. 1987 , Larsen et al. 1995 , Clark et al. 1997 , Jones and Woodson 1997 , Bui and O'Neill 1998 , Jones and Woodson 1999 , Ketsa and Rugkong 2000 , Llop-Tous et al. 2000 . Ethylene, ethylene precursor 1-aminocyclopropane-1-carboxylic acid (ACC) and auxin have been proposed to operate as the pollination signals (for review see O'Neill 1997) . Indeed, auxin induces the synthesis of ACC synthase (Yang and Hoffman 1984) and some auxin-inducible ACC synthase genes have been found (Yoon et al. 1997, Bui and O'Neill 1998 ). It appears that auxin and ethylene act in concert during post-pollination events. Interaction of these hormones is also known in the regulation of vegetative growth (Sitbon and Perrot-Rechenmann 1997 , Smalle and Van der Straeten 1997 , Stepanova and Ecker 2000 .
Differentiation of embryo sacs within developing ovules in response to pollination has been reported for Phalaenopsis orchid . Pollination can also act on specific cells within the embryo sac. In maize, maturation of the egg cells was accelerated during the progamic phase, i.e. after pollination and before actual fertilization (Mól et al. 2000) . Other examples of the post-pollination responses of embryo sac cells are known for synergids which, in some species, may degenerate at various steps of the progamic phase (reviewed by Russell 1992) . Those studies, nevertheless, were concerned only with the cytological aspect of the response, and no signalling mechanisms were investigated in relation to the cellular events, except for the work on Phalaenopsis. Moreover, investigations of ethylene and other factors affecting flower morphology and senescence have been focused on ornamental plants, mainly carnation and orchids, because of their impor-tance for the flower trade. In cereal inflorescences, ethylene is possibly also involved in early responses to pollination; however, this has not yet been shown. It is only known that late post-pollination processes, such as ear senescence and grain maturation in wheat (Beltrano et al. 1994) or the programmed cell death in maize endosperm (Young et al. 1997) , are promoted by ethylene.
In the grasses, post-pollination events progress rapidly in comparison with those of other angiosperms. The sequence of events in maize is known from several papers (HeslopHarrison et al. 1985 , Mól et al. 1994 , Mól et al. 2000 , Mól et al. 2004 . In brief, pollen grain hydration occurs 3-5 min after pollen arrival to silk trichomes, and the pollen tube tip appears 10 min later on. Pollen hydration and germination are accompanied by changes of the electric potential in the silk and ovary, and by calcium changes in the stigma trichomes. Numerous pollen tubes enter the stigma about 20 min after pollination, and they reach the transmitting tissue of the silk axis within the first hour following pollination. The pollen tubes grow towards the ovary. A few of them pass the silk base about 6 h after pollination, and turgor loss appears there at the formation of the silk abscission zone. Intra-ovarian growth of the pollen tubes takes some hours until one pollen tube enters the embryo sac 12 h after pollination. The shift in frequency of the egg cell developmental stages starts 8 h after pollination, and 4 h later, at the end of progamic phase, only about 35% of egg cells remain immature in a maize ear.
In the research presented here we check whether ethylene and auxin participate in the post-pollination signalling which leads, in maize, to accelerated maturation of the egg cells (see Mól et al. 2000) . Ethylene biosynthesis in the ears, as well as the content of ACC and indole-3-acetic acid (IAA) in the silks and ovaries, was investigated. We successfully used ACC and IAA to stimulate egg maturation in non-pollinated ears, and inhibitors of ethylene synthesis or auxin transport to block the egg cell response to pollination. Our results indicate that both hormones are necessary for accelerated differentiation of the egg cells in the pistils pollinated with fresh pollen grains. Moreover, we used mock-pollination with quartz sand to test the hypothesis that mechanical stimulation of the stigma might also play a role in the response elicitation after pollination.
Results

Silks and ovaries contribute to ethylene synthesis in pollinated maize ears
Gas chromatography was used to determine ethylene production by maize female inflorescences in planta after pollination with fresh pollen or mock-pollination with quartz sand. When fresh pollen grains were applied to the receptive silks extending out of the husks, ethylene emission from the ears increased within 1 h after pollination (Fig. 1) . Then up to 12 h, the ethylene production in the pollinated ears was high and slightly variable (15-22 ng ml -1 h -1 ). Quartz sand used to substitute for pollen also caused a rise in ethylene synthesized by the ears showing the first peak 90 min after treatment and the second increase at 7-9 h (Fig. 1) . The effect of quartz sand indicates that a mechanical stimulus applied to the maize stigma and comparable to that of pollen was sufficient to induce ethylene synthesis in the ear, although at a slightly lower level compared with the effect of pollen.
To define the participation of particular pistil parts in the overall ethylene production, the content of ACC in maize silks and ovaries was determined after pollination or sand application. As early as 20 min after pollination, the ACC level increased in both the silks and the ovaries by about 10 ng (g DW) -1 . However, ACC was also found in pollen grains [up to 61 ng (g DW)
-1 ]. In the silks, ACC content remained high [45 ng (g DW)
-1 ] for 4 h, and decreased afterwards ( Fig. 2A ). In the ovaries, it reached the second maximum at 8 h (Fig. 2B) . At 12 h after pollination, i.e. at the end of progamic phase in maize (Mól et al. 1994) , ovary ACC reached its lowest level. Different profiles of ACC content were observed in the silks and ovaries after quartz sand application to the silks ( Fig. 2A,   Fig. 1 Effects of pollination or sand application on ethylene production of maize ears during the progamic phase. The silks at optimum receptivity were pollinated with fresh pollen grains or treated with quartz sand instead of maize pollen. Measurements were conducted during 12 h following manipulations and in control plants. Mean ± SD represent data (n = 4) from two independent experiments. B). Until 4 h after sand application, the ACC level in the silks was lower than after pollination, and only 8 h after the treatment it increased by 10 ng (g DW) -1 . In the ovaries, an ACC rise by 15 ng (g DW) -1 was detected at 4 h after treatment, and another peak appeared 8 h later. These results indicate that both parts of maize pistil, the silk and the ovary, were involved in ethylene biosynthesis after true-or mock-pollination, but with slightly differing kinetics. The initial rise of ethylene synthesis was rapid in the pollinated ears, and coincided with an immediate ACC augmentation.
The auxin level rises very high in the silks after pollination
During the progamic phase, the IAA content in the pollinated silks increased markedly (Fig. 2C) . The first maximum occurred as early as 20 min after pollination when approximately 0.5 µg of IAA was found per g DW of the pollinated silks compared with 6 ng (g DW) -1 in the silks before pollination. The second peak in the silks was even higher, and after 8 h, was twice as high as the first maximum. Maize pollen contained 0.66-2.36 µg (g DW) -1 IAA, and if silk weight and pollen amount are considered (Table 1) , the partial contribution of pollen-borne auxin to the initial increase in IAA content in pollinated silks seems possible even if some auxin might degrade in germinating pollen grains as discussed later on. The auxin content increased also in the ovaries of pollinated ears but only to levels about 10 times lower than in the silks: 57±15 ng (g DW) -1 at 20 min and 123±25 ng (g DW) -1 at the end of the progamic phase 12 h after pollination (Fig. 2D ). In the experiment with quartz sand applied to the silks instead of pollen, IAA augmentation was lower and slower than in the pollinated At each time point, silk and ovary samples were collected from the same ears for measurements of ACC (n = 6) and IAA (n = 3) in two independent ear sets. The time necessary for sample preparation after treatment was 20 min, and this was the earliest time point compared with non-treated controls. ]IAA was applied to apical fragments of the silks, and radioactivity was measured in the proximal silk fragments and ovaries, which were covered by husks and unexposed to the labelled compound. Mean ± SD (n = 3) is given for silks and ovaries. (Fig. 2C, D) . The rapid changes of auxin in pistil tissues were thus specific to pollination. Shortly after pollination, the amount of IAA increased not only in the silks but also in the ovaries. Translocation of 14 Clabelled auxin in maize pistils was investigated to check whether IAA transfer from the pollination site might contribute to the rise of auxin content in the ovaries. The distal fragments of the silks, which extended out of the husks, were treated with [
14 C]IAA, and the radioactivity was subsequently measured in the proximal parts of the silks and in the ovaries (Table 2) . Less than 1% and <5% of the radioactivity in tissue extracts was recovered from the proximal silk fragments and the ovaries, respectively. The fact that radioactivity levels detected in the ovaries were rather stable throughout the experiment and higher than in the silks, indicates that pistil tissues enable relatively rapid transfer of some auxin from the stigma.
Ethylene precursor or auxin applied to the silks stimulates egg cell maturation in the ovules
Our previous report (Mól et al. 2000) showed that maize egg cell differentiation progressed more quickly in a pollinated ear than without pollination. The frequencies of egg developmental stages (A-C; Fig. 3 ) changed before sperm delivery to the embryo sac, and significantly fewer young stage-A cells appeared 12 h after pollination. Here we found that substituting ACC or IAA for pollination still caused shifts in the frequencies of various egg classes in individual ears at 12 h after treatment (Fig. 4) . After hormonal treatments, as well as after pollination, the small and non-vacuolated egg cells (stage A) were at much lower frequencies than larger and vacuolated ones (stages B + C). In non-treated or H 2 O-treated ears, the frequencies of stage-A egg cells were 58% and 48%, respectively. In pollinated ears, such immature egg cells were found only in 31% of the ovules. The effects of 1 µM ACC and 0.6 µM IAA were not significant when compared with the control treatment with water. At higher concentrations however, stage-A egg cells appeared in 22-29% of the ovules after application of ACC and in 14-15% after application of IAA. The results of Effects of auxin and ethylene precursor on mean (± SD) frequencies of three egg cell stages (A, B, C) in the ears of maize. Solutions of IAA and ACC at given concentrations were applied to non-pollinated silks at their optimum receptivity, and the egg cell frequencies were determined 12 h after treatment. Pollinated ears and non-treated or water-treated ears were positive and negative controls, respectively. significance tests for differences in frequencies of all egg cell stages are given in Table 3 . Differences for stage-B cells were usually non-significant, as this stage is an intermediate step in egg cell maturation (Mól et al. 2000) . Both ACC (at all concentrations) and IAA (at 6 and 60 µM) increased the percentage of highly vacuolated mature egg cells (stage C). Overall, supplying non-pollinated receptive silks of Zea mays with micromolar solutions of auxin or ACC stimulated maturation of the egg cells to a greater extent than did pollination with fresh pollen.
Inhibitors of ethylene synthesis and auxin transport block the egg response to ear pollination
In another series of experiments, various inhibitors of hormone synthesis, transport or action were applied to the silks before pollination and frequencies of the egg cell stages were estimated from microscopic observations (Fig. 5, Table 3 ). Silk pre-treatment with the inhibitors did not markedly affect pollen grain germination or pollen tube growth (data not shown). Blocking of ethylene biosynthesis by stigma treatment with L-α-(2-aminoethoxyvinyl)-glycine (AVG) or α-aminoisobutyric acid (AIB) abolished the effect of pollination, and 12 h after pollination stage-A egg cells were present at high frequencies. Also when 2,3,5-triiodobenzoic acid (TIBA), an auxin transport inhibitor, was applied to the silks, pollination did not accelerate egg cell maturation. After all those treatments, the egg cell frequencies remained basically the same as in nontreated controls (stage A 54-59%, stage B 20-24%, stage C 21-22%). On the other hand, silver thiosulfate (STS), a recognized inhibitor of ethylene action, was not able to cancel the effect of pollination. STS treatment of the silks before pollination gave a similar response to that after the control treatment with water. Moreover, the egg cell response was not affected by TIBA or AIB used prior to sand application to the silks (Fig. 6 , Table 3 ). This confirms that hormonal mechanisms of maize ear response to the fresh pollen and quartz sand are different. IAA polar transport and ACC oxidation in the silks were necessary to mediate signals during genuine pollination but not after mock-pollination with sand.
Discussion
The acceleration of egg cell maturation in a pollinated maize ear was demonstrated in our former paper (Mól et al. 2000) . The reproductive strategy in maize, a wind-pollinated plant, seems to involve triggering of egg cell maturation by pollen arrival at the stigmatic surfaces. A very efficient signalling system must thus act between the maize stigmas (silks) and ovaries where the egg cells wait for sperm delivery within the Inhibitors of ethylene synthesis (AVG 0.2 mM, AIB 0.2 mM) or an inhibitor of auxin polar transport (TIBA 12 µM) were applied to the receptive silks 1 h before pollination with fresh maize pollen, and the egg cell frequencies were determined 12 h after pollination. Pollinated ears (without or with water pre-treatment) and non-treated ears were positive and negative controls, respectively.
Fig. 6
Mean (± SD) frequencies of three egg cell stages (A, B, C) in maize ears after treatment with ethylene or auxin inhibitors and mockpollination with quartz sand. An analogue of ACC (AIB 0.2 mM) or an inhibitor of auxin polar transport (TIBA 12 µM) were applied 1 h before placing sand on the receptive silks, and the egg cell frequencies were determined 12 h after mock-pollination. Ears treated with sand (without or with water pre-treatment) and non-treated ears were positive and negative controls, respectively. embryo sacs. Factors involved in this signalling in maize pistils have not been identified. However, a burst of ethylene production in pollinated flowers is well documented in several species (see Introduction). In carnation and tobacco, the first peak of ethylene provides the information about a pollination event, and two subsequent peaks are responsible for corolla wilting or recognition of compatible pollen tubes Woodson 1997, De Martinis et al. 2002) . We observed that ethylene synthesis was rapidly stimulated in the pollinated ears of Z. mays, and the levels of ethylene precursor (ACC) and auxin (IAA) increased both in the silks and ovaries 20 min after pollination. These early changes are possibly related to the information about pollen arrival. Late increases in ethylene evolution and in auxin content found 4-9 h after pollen or sand application correspond to the formation of an abscission zone at the silk base and further silk wilting (Heslop-Harrison et al. 1985, and our unpublished data) .
We compared the effects of the fresh maize pollen and quartz sand on ethylene emission from maize ears as well as on the ACC level in the silks and ovaries. Ethylene production started to increase immediately after pollen or sand placement on the silks. The first peak was recorded 1 h after pollination, whereas after sand application, the first peak appeared 30 min later and was lower than after pollination. The level of ethylene precursor increased within 20 min after pollination both in the silks and ovaries. Most probably, the fast ACC rise in the ovaries was not the result of ACC translocation because the pollination site was about 10 cm apart from the ovaries, and ACC was shown to be largely immobile in flower tissues (Woltering et al. 1995 . When quartz sand was used for mock-pollination, ACC content increased in the ovaries and in the silks with a delay of 4 h and 8 h, respectively. After using sand, the IAA rise was also slower, as mentioned earlier. Moreover, TIBA or AIB treatments of the silks did not hamper egg cell maturation when quartz sand was applied but the same inhibitors were effective after using fresh maize pollen. At present, the mechanisms underlying the differences between true-and mock-pollination are unknown. The clue might lie in IAA and ACC delivered with pollen grains to the silks, as these compounds could be directly involved in signalling at the pollination site. The silks were not supplied with auxin and ethylene precursor when sand was used instead of pollen. Nevertheless, our sand treatment stimulated egg maturation (see Table 3 ), although the frequency of immature egg cells (stage A) was significantly higher after pollination with sand than with pollen (Mól et al. 2000) . Thus, the pure mechanical action of sand application almost substituted for the effect of pollen. Sand and pollen caused similar, but not identi- Table 3 Effects of various treatments on egg cell (EC) frequency (%) in maize ears at the end of progamic phase Total data scored 12 h after treatments in two experimental series are given for developmental stages of maize egg cells (A, B, C; see Fig. 3 ). **Significant at P < 0.01;* P < 0.05; ns, not significant. increase, and such a reaction of the trichomes did not occur after mock-pollination with sand (Mól et al. 2004 ). All these facts suggest that signalling pathways are not the same for reception of pollen grains or sand crystals on the maize stigma.
Application of ACC solution instead of pollen to the silks stimulated egg cell maturation (see Fig. 4 ) and ethylene synthesis (data not shown). We found a low ACC level in maize pollen. If not immediately converted to ethylene, it could contribute to ACC found in the silks just after pollination. However, many reports imply that pollination-induced ethylene is derived from endogenous synthesis of ACC rather than from exogenous pollen-borne ACC (reviewed by O'Neill 1997). Pollen grains of Petunia contained a very high concentration of ACC but it was not the precursor and trigger of the early ethylene production on the stigma (Hoekstra and Weges 1986) . Also in petunias engineered for low ACC content in the pollen grains, the early ethylene peak in pollinated flowers was similar to the effect of wild-type pollen (Lei et al. 1996) . The same effect was observed after cross-pollination of petunia flowers with pollen grains of Erythrina orientalis and Cosmos bipinnatus exhibiting low ACC levels (Hoekstra and Weges 1986) . Evidence that ethylene rather than ACC stimulated the egg response in maize appears from the effects of AVG or AIB applied to the silks before pollination. Inhibition of ACC synthesis or ACC oxidation both abolished egg cell maturation in pollinated ears. Our results suggest that a direct action of ethylene at the pollination site was not a prerequisite for further egg cell response. STS, the inhibitor of ethylene action, did not block rapid egg maturation when applied to the apical parts of the silks before pollination.
Auxin-induced ACC synthase genes are known from seedlings and flowers (Yoon et al. 1997, Bui and O'Neill 1998) and auxin was postulated to act as another pollination signal (for review see O'Neill 1997). We found that IAA content increased rapidly in the silks and ovaries of maize after pollination with fresh pollen grains but not after quartz sand application. At 20 min after pollination, the auxin level was about 80 times higher in pollinated silks than in unpollinated controls. To explain the initial rise of IAA in the silks it is necessary to consider the quantity of IAA delivered with the pollen (calculated on the basis of weight; see Table 1 ). Pollen might have provided as much as 33-73% of the auxin found in the pollinated silks. However, the question of how much of pollen IAA can be taken up by maize stigma needs further investigation. When the first auxin rise appeared in the silks, the pollen grains already germinated, and short pollen tubes penetrated into the stigma trichomes. Liu and Lee (1995) determined that in maize pollen grains germinating in vitro, the IAA level declines by 64% due to its degradation by oxidases. If a similar situation appears in vivo, there would still be some pollen-borne auxin left to play a role on the stigma. Blockage of the egg cell response by an inhibitor of polar auxin transport (TIBA) applied to the silks before pollen indicates that auxin is involved in the post-pollination signalling. In our experiment on auxin translocation in maize pistil, only about 4.3% of radiolabelled IAA was transported from stigma to the ovaries. If pollen delivered to the silks was the only source of auxin for the ovaries, one could expect approximately 20 ng IAA per g DW of ovary, i.e. 4.3% of the estimated IAA content in a pollen dose (see Table 1 ) calculated per g DW of ovary (675±167 mg, n = 8). Such a putative amount of auxin transferred from the pollination site is about 36% of the IAA content found in the ovaries 20 min after pollination (see Fig. 2D ). Thus, auxin liberation from conjugates and/or its translocation from other tissues possibly occurred. De novo synthesis of IAA was unlikely in a narrow time window. The rate of polar auxin transport (about 1 cm h -1 ; Taiz and Zeiger 1998) is too slow for a long-distance effect and the early rise of IAA in maize ovaries. Translocation via phloem had to occur where the transport velocities range from 30 to 150 cm h -1 (Taiz and Zeiger 1998) . Phloem is present along the transmitting tissue in maize silks and ends in the ovary wall (Heslop-Harrison et al. 1985 , and our unpublished observations). We postulate that some pollen-borne IAA was moved to phloem elements in the silks by a polar transport mechanism, and then a long-distance transport enabled its distribution throughout the pistil. It is conceivable that in new locations, auxin-stimulated ethylene synthesis and various other cytological events were promoted by these hormones, e.g. abscission zone formation in the silk or egg cell maturation in the embryo sac.
Taken together, our results demonstrate that the response of maize egg cells to pollination is governed by partially different mechanisms when pollen or sand are applied to the silks. Only the application of fresh pollen grains caused rapid production of ethylene and immediate augmentation of auxin levels in both the silks and ovaries. Whereas after using sand, the first peak of ethylene emission by the ear and the IAA rise in the ovaries were lower and delayed in comparison with true pollination. Obviously, there were no pollen tubes in maize silks after application of sand instead of pollen, and Weterings et al. (2002) found recently that ACC-synthase transcript levels are modulated by the number of pollen tubes growing in tobacco styles. Despite differences in hormonal response, pollen or sand both evoked accelerated maturation of maize egg cells (Mól et al. 2000) . We can assume that some yet unidentified factors contributed to the reception of a mechanical signal after the arrival of pollen grains or sand crystals. In another paper (Mól et al. 2004) , we show that electric signals propagate through the silk to nucellus after the reception of pollen grains or quartz sand on maize stigma. Thus, ion fluxes could be the basic events in a pollinated stigma. An increase in ethylene synthesis in the inflorescence and hormonal changes in the ovaries are possibly the secondary responses to those primary events. Differential expression of ethylene biosynthetic genes was investigated in flowers of several species (Clark et al. 1997 , Ten Have and Woltering 1997 , Bui and O'Neill 1998 , Jones and Woodson 1999 , Llop-Tous et al. 2000 . Such molecular studies in Z. mays will be feasible after identification of adequate maize genes. Here we have shown for this species that ethylene metabolism is affected by pollination, and that auxin together with ethylene are involved in stigma-to-ovary signalling. However, the precise sequence of hormonal events in pistil tissues as well as the evidence that auxin and/or ethylene act directly on the cells in maize silk and embryo sac need further investigation. Future cyto-physiological and molecular studies should also help to discriminate between primary and secondary pollination signals.
Materials and Methods
Plant material and treatments
Maize (Z. mays L., line A 188) plants were grown in a growth chamber as described earlier (Mól et al. 2000) . Ears were covered with paper bags before silk emergence and used for experiments when the external silk length was 11-13 cm (optimum receptivity). Portions (0.5 ml) of fresh maize pollen (line A188) or quartz sand (Fontainebleau 150-200 µm; Prolabo, Nogent sur Marne, France) were applied to the silks for true-or mock-pollination, respectively. Subsequently, ethylene production, ACC and IAA content or the frequencies of three egg developmental stages were determined (see below) after pollination, sand application and in non-pollinated ears. In a series of experiments, silks extending out of the husks were treated prior to pollination with 0.2 mM solutions of AVG (inhibitor of ACC-synthase) or AIB (ACC analogue blocking ACC oxidase), 0.4 mM STS (inhibitor of ethylene action), 12 µM TIBA (inhibitor of polar auxin transport) or ultrapure water (control). Silks were immersed for 20 min in the solutions contained in 50-ml Falcon tubes attached to the ears with paper tape and then gently shaken to remove liquid. Then entire ears were covered again (during STS treatment, aluminium foil was used instead of paper bags to avoid tissue blackening) and left to dry for 1 h. After this time, hand pollination was applied and 12 h later the silks and ovules were fixed as described in the next paragraph. Similar treatments with TIBA and AIB were also performed before mock-pollination with sand. In another series of experiments, solutions of ACC (1, 10 and 100 µM), IAA (0.6, 6 and 60 µM) or water (control) were applied to the silks for 20 min. The silks were treated as in the experiments with inhibitors but were not pollinated, and 12 h after treatment, ovule-halves were fixed for egg cell counting (see next paragraph). If no pollen, sand or solutions were applied to the silks, they were touched with hands in the same manner as during pollination. Chemicals were purchased from Sigma-Aldrich; STS was prepared directly before use from AgNO 3 and Na 2 O 3 S 2 stock solutions. All experiments were repeated twice.
Cytological preparations
To prepare material for tissue clearing, ovule-halves were dissected from the ears as described elsewhere (Mól et al. 2000) and fixed for 24 h in FAA (formalin 4% : acetic acid : ethanol 70% = 5 : 5 : 90 by vol.). Nucellar slices containing embryo sacs were cleared in methyl salicylate according to Young et al. (1979) . The egg cell stages were determined by differential interference contrast (DIC) microscopy (Biolar PI; PZO, Warsaw, Poland) in 4,173 embryo sacs (for details see Table 3 ). To check for pollen tube growth after treatments with hormone inhibitors, the silks were fixed in FAA for 24 h, then rinsed in 70% ethanol and water, macerated in 10 M NaOH for 10 min and rinsed twice in water. Pollen tubes were stained with aniline blue for 15 min and observed in glycerol under a fluorescence microscope (Optiphot 2; Nikon, Tokyo, Japan). Agfa Pan APX 25 (Agfa-Gevaert AG, Leverkusen, Germany) was used for microphotography. The twotailed t-test for the difference between two proportions (a module of Statistica 6.0 software, StatSoft Inc., Tulsa, OK, U.S.A.) was applied to determine significance levels for the differences found between egg cell frequencies after various treatments.
Ethylene measurement
The rate of ethylene production by maize ears in planta was determined after true-or mock-pollination. Fresh pollen or quartz sand was applied to the silks at optimum receptivity (external length of about 12 cm). In unpollinated controls, the silks were only touched in the same way as during hand pollination. The paper bags protecting young silks against accidental and precocious pollination were then replaced by PVC bags closed around the ears. During the subsequent 12 h period, 1-ml gas samples were collected with a gas syringe from the air inside the bag at 30-min intervals. Ethylene concentration was determined from the withdrawn samples injected into a gas chromatograph (Hewlett Packard 5890 Series II; Hewlett-Packard, Waldbronn, Germany), which was equipped with an alumina capillary column and a flame ionization detector. The experiment was repeated twice.
ACC determination
The pollinated or sand-treated ears were harvested directly after treatment and then after 4, 8 and 12 h. Their husks were removed, the silks were detached from ovaries and the ovaries were cut off from the ear rachis. As for microscopic observations, the ovaries from both ear tip (underdeveloped ones) and ear base (overgrown ones) were omitted. The samples of pistil tissues were quickly weighed, frozen in liquid nitrogen and stored at -70°C for freeze-drying (ChristAlpha I-5; Fisher, Illkirch, France). These manipulations took about 20 min, thus the real timing for ACC determination was 20, 260, 500 and 740 min after treatment. The freeze-dried samples were stored in liquid N 2 until extracted and analysed. Tissue samples were homogenized in 80% ethanol [2 ml (g FW)
-1 ] and centrifuged (5,000×g, 15 min). Supernatants were kept on ice and the extraction was repeated. Combined supernatants of both extractions were evaporated to water phase at 50°C and afterwards the residues were dissolved in 3 ml H 2 O. Samples were spun at 28,500×g for 5 min and the ACC content was measured in the aqueous phase of tissue extracts according to Lizada and Yang (1979) . Briefly, each supernatant was held in a tight vial, and 4 µM ACC (internal standard), 1 µM HgCl 2 , and a mixture of 5% NaOCl and saturated NaOH (2 : 1, v/v) were injected into the vial through its cap. The mixture was vortexed and incubated for 3 min before a 1.5-ml gas sample was taken from each vial for gas chromatography (HewlettPackard 5890 Series II). The released ethylene was measured three times for each sample and the conversion factor determined by comparison with the production of ethylene from the internal standard. All steps were performed at 4°C and experiments were conducted on two series of female inflorescences. The results were expressed on dry weight (DW) basis.
IAA determination
Tissue samples were collected and stored as described above. Tissue was homogenized in liquid N 2 and extracted twice with 80% methanol containing 100 mg litre -1 butylated hydroxytoluene. Tritiated IAA (1.06 TBq mmol -1 ; Amersham) was added as an internal standard. After centrifugation (4°C, 15 min, 10,000×g) the superna-tant was evaporated to the water phase, the same volume of 0.5 M K 2 HPO 4 was added and the extract was partitioned against diethylether. Ether was discarded and the extract was transferred to a Polyclar AT column and washed with 10 ml 0.1 M K 2 HPO 4 . The eluate was acidified with 0.3 M H 3 PO 4 to pH 2.7 and partitioned against ether. The ether phase was evaporated, dissolved in 300 µl of mobile HPLC phase and IAA content (per g of DW) was determined using HPLC with fluorimetric detector as described in Eder et al. (1988) . Three assays were performed for each time point.
Translocation of radiolabelled auxin
Silks extending out of the husks (12 cm external length) were dipped in [
14 C]IAA solution (23×10 4 dpm) for 20 min as described above for hormonal treatments. Then the ears were harvested, silk parts exposed to [
14 C]IAA were cut off and the husks were removed. Internal parts of the silks which had no contact with radiolabelled auxin and the ovaries were collected, weighed and frozen in liquid N 2 . Tissue samples were prepared at 20, 260, 500 and 740 min after [
14 C]IAA application and for control non-treated ears. For determination of label movement, silk and ovary tissues (triplicate samples of 0.5 g) were homogenized in Bray's scintillation solution (Akwascynt; BioCare, Warsaw, Poland). Homogenates were supplied with 20 µl H 2 O 2 and left for 24 h for decoloration, and chemiluminescence quenching was achieved 24 h after adding 20 µl of acetic acid to each sample. Radioactivity of the samples was measured by liquid scintillation counter (Beckham LS 5801; Beckham Instruments Inc., Irvine, CA), and the results were recalculated per g of fresh weight (FW) after subtraction of background noise.
